Through the clinical use of positron emission tomography, we aimed to elucidate the complex relationship between glucose uptake and squamous cell oral cancer (ScOC) growth, along with its mechanism with respect to tissue blood flow (tBF).
Background
Positron emission tomography (PET) is a technique based on positron emission imaging; it is broadly utilized in early detection and is followed by treatment of squamous cell oral cancer (ScOC) and other diseases [1] [2] [3] . This happens only when biomolecules are labeled with a positron-emitting isotope and then those biomolecules are incorporated prior to executing image-based studies. Fluorine-18 has a positron-emitting character and favorable half-life of <110 min; therefore, it has been widely used in radiolabeling of biomolecules for PET. Specifically, fluorine-18 fluorodeoxyglucose ( 18 F-FDG), an analogue of glucose, has been recently used for this purpose because, via the Warburg effect, it is taken up by tumor cells, affecting the glycolytic rate. PET technique using 18 F-FDG may be used to assess the extent of malignancy in ScOC [4] [5] [6] [7] .
Oesophageal cancer is the 8 th most common cancer worldwide [8] . More than half of Chinese cancer patients have ScOC as the dominant disease [9] . Several studies have demonstrated that 2 biological factors -glucose uptake and tissue blood flow in ScOC (tBF-ScOC) -can assist in the diagnosis and treatment of ScOC [10] [11] [12] . Since fused 18 F-FDG with PET interprets the tumor metabolic rate of glucose, it directly measures the tumor aggressiveness simply by determining the tumor's FDG uptake, thus enhancing the accuracy of diagnosis [11, 12] . For this purpose, a semi-quantitative parameter known as maximum standard uptake value (SUV�) has been used previously in 18 F-FDG PET for prognosis and treatment guidance in various tumors [13] [14] [15] . Another tumor characteristic -tumor neo-angiogenesis -is reflected by tBF-ScOC and has played an essential role in pre-treatment assessment of the need for chemoradiotherapy in these patients [16, 17] . Recently, an advanced technique -pseudo-continuous arterial spin labeling (pcASL) -has been introduced and used to measure tissue blood flow in specific diseases [18, 19] , such as in investigating the role of cerebral blood flow in survival rate of patients with recurrent high-grade gliomas [20] . Interestingly, the association between several specific microRNAs and ScOC has been reported [21] [22] [23] .
There have been few reports on the relationship between glucose uptake and ScOC growth with respect to tBF [24] [25] [26] [27] ; therefore, the mechanism underlying its behavior in ScOC is unclear and needs to be investigated. Due to the limited available information and the utility of 18 F-FDG PET and pcASL, performed the present study, which is the first to elucidate the complex relationship of glucose uptake with ScOC growth, along with its tBF mechanism, in these patients.
Material and Methods

Patients
Our study was approved by the Institutional Review Board of our hospital. The requirement of written informed consent from the enrolled subjects (patients) was waived because of the retrospective nature of our study. The exclusion criteria included: (a) absence of first diagnosis of ScOC in the patients; (b) lack of performing both MR and PET/CT scanning before any treatment; (c) histology other than ScOC; (d) absence of the scan interval between MR and PET/CT was less than 20 days, and (e) chemotherapy or chemoradiation. The latest preoperative procedure was used as the inclusion criteria based upon clinicopathologic characteristics of the subjects (Table 1) .
F-FDG PET imaging
An advanced PET-CT scanner (Discovery IQ, GE Healthcare, Waukesha, WI) was used to obtain 18 F-FDG PET-CT scans. After fasting for >6 h, all patients received an intravenous injection F-FDG after initial preparation and then waited 60 min post-injection. After this initial preparation, patients were subjected to their PET examination, having an energy window of range of 400-600 keV. A 3D emission scanning was then performed for 3 min for each bed position by keeping the respective axial and trans-axial field of views at 22.2 cm and 60.7 cm. We acquired CT-derived attenuationcorrected images without using any contrast medium. As per previously reported methods [27, 28] these images were reconstructed using integrated iterative method followed by conducting a system matrix derived from point source measurements. For semi-quantitative analysis of 18 F-FDG uptake, both the SUVs (SUV� and SUV) were assessed. For this purpose, calculations from attenuation-corrected images, the amount of injected 18 F-FDG, the body weight of each patient, and the cross-calibration factors for 18 F-FDG PET were conducted.
pcASL Imaging acquisition
We used multi-shot spin-echo echo-planar imaging to obtain controlled and labeled images during the performance of the acquisition of pcASL images. As standard protocol, we used T 2 -weighted images (T 2 WI) as the reference and placed the labeling slab just under the branching of the external and internal carotid arteries. The pCASL imaging parameters were: 1.7 s/1.4 s/3626 ms/15 ms/90°/240×240 mm/2/80×80/18/5 mm/2/300 s (labeling pulse duration/post-labeling delay/no flow crushing gradient, TR/no flow crushing gradient, TE/flip angle/field-ofview/number of shots/matrix/number of slices/slice thickness/ parallel imaging acceleration factor/scan time). Similarly, other conventional MR images were obtained for axial and coronal T 2 WI map parameter with a turbo spin-echo (TSE) sequence and axial T 1 -weighted images (T 1 WI) with a gradient-echo sequence using the following parameters: 4.6 s/75 ms/8/250×250 mm/256×256/30%/5 mm/130 s (TR/TE/TSE/field-of-view/matrix/inter-slice gapping/slice thickness/scan time); and 4.6 s/15 ms/7°/250×250 mm/256×256/30%/10 mm/8 s (TR/TE/constant flip angle/field-of-view/matrix/inter-slice gapping/slice thickness (single-slice acquisition)/scan time), respectively. The coil was attached tightly to the head to stop any possible movement during the scan. In addition to this, the patients were also instructed not to make any voluntary motion, including moving, swallowing, or opening their mouths during the pCASL scan.
pcASL Image quality assessment
We compared the pixel values of controlled and labeled images. We obtained several negative-value pixels when there appeared to be misregistration in both the controlled and labeled images caused by vigorous motion during the scan. We neglected negative-valued pixels that exceeded 25% of all pixels in the tumor region of interest.
Quantification of tBF-ScOC by pcASL
As per previously reported works [29] [30] [31] , we quantified the tBF-ScOC by pcASL (y) by calculating it from the signal difference (DS), after subtraction of the labeled image from the controlled image, as per the following equation:
where e is the blood/tumor-tissue water partition coefficient (1.0 g/mL), j is the longitudinal relaxation rate of blood (0.67/s), t is the post-labeling delay time (1.28 s), s is the labeling time (1.65 s), E is the equilibrium magnetization of the cancerous tissue, and d is the labeling efficiency (0.85). We obtained j by the T 1 map and estimated the value of E from the intensity of the controlled image signal. We created tBF-ScOC maps pixel-by-pixel by using Equation (1) and then used MATLAB (MathWorks, Natick, MA) to calculate the tBF-ScOC values.
Data analysis
We estimated the uptake in the tumor using the maximum and mean standard uptake values (SUV� and SUV) in order to quantify the FDG uptake in the primary tumor. For this purpose, we used an isocontour threshold method to determine the automated region of interest (ROI) for both SUVs. As per reported work [31] we set threshold SUV value at 2.5 for the tumor ROI delineation to exclude nearly normal tissue uptake or central necrosis. Within the tumor ROI, the highest SUV value was taken as SUV� while the average of the SUV values was taken as SUV. In a few cases in which the tumor extended to 2 or more slices, we defined SUV� as the highest SUV value in all slices and defined as the mean SUV value of all pixels in all ROIs of the cancer.
For calculating tBF-ScOC values we used Image J software (National Institutes of Health, Bethesda, MD, USA) to perform ROI delineation on the axial T 2 WI with a polygonal ROI, followed by copying the ROI onto a tBF-ScOC map and also included the soft-tissue mass in the ROI obtained from the T 2 WI imaging findings. We excluded the normal or inflammatory tumor in the ROI. T 1 WI was used to guide the determination of ROI. During quantification of tBF-ScOC, we excluded the outlined area of the vessel signal void on the T 2 WI to avoid vascular artifacts in the ROI. Additionally, we also excluded any strong high-signal area with T 2 WI which indicated the presence of necrosis. We took the mean of the tBF-ScOC values in the outlined ROI as our anticipated tBF-ScOC value for each patient. Cases in which the tumor reached up to ³2 slices, we took the anticipated tBF-ScOC value as the mean tBF-ScOC value of all pixels in all ROIs of the cancerous tissue. Results Table 2 summarizes the average SUV�, SUV and tBF-ScOC values in ScOC values in each patient category. No significant correlation was observed between the SUV�, SUV and tBF-ScOC values in the overall patient analysis ( Table 2 ; (p=0.69, 0.58)). Similarly, no significant correlation was observed in category of patient(s) divided by tumor location (neither in oropharynx nor in laryngopharynx localities; (p=0.41, 0.62 respectively)). However, a moderate positive but non-significant correlation was observed between the SUV� (r=0.37, p=0.11) or the SUV (r=0.39, p=0.13) and the tBF-ScOC values in non-advanced T-stages (T 1a /T 1b /T 2 /T 3 ) in the category of patient(s) divided by tumor T-stage. Figure 1 shows that in the advanced T-stage patients, there was a significant negative correlation between both SUVs (SUV� and SUV) and tBF-ScOC values as: for SUV�, (r=-0.70, p<0.05) and for SUV, (r=-0.73, p<0.05). In addition, there was a significant positive correlation between both SUVs (SUV� and SUV) and tBF-ScOC values for the first 2 combinations of subcategories of patient(s) (see "Statistical analysis" section; combination (1) and (2)) (Figures 2, 3 ), while 
Discussion
Our results show a positive correlation between the non-advanced T-stages of the oropharynx and laryngopharynx localities and SUV�/SUV and tBF-ScOC values. In addition, there was a negative correlation between the advanced T-stage patients for the oropharynx and laryngopharynx localities and SUV�/SUV and tBF-ScOC values. Nevertheless, in the total patient analysis, there was no correlation. A positive correlation between SUV uptake and tumor blood flow values has been reported [24] , but the study was very limited in that it had only 2 T 4 -staged patients in the total population of 15 patients. However, the study supports our results of positive correlations achieved for non-advanced T-staged patients with both the oropharynx (n=21) and laryngopharynx (n=14) localities between SUV�/SUV and tBF-ScOC values. Angiogenesis and neovascularization take place with the progression of squamous cell carcinoma from an early stage; therefore, the tumor glucose uptake increases in similar fashion. We also observed this well-established correlation in our study. Interestingly, there is a report [33] showing a negative correlation between SUV and tumor blood flow values in head and neck tumor patients, thus supporting our finding of a negative correlation between SUV�/SUV and tBF-ScOC values in patients with advanced T-stage status, regardless of their primary lesions ( Figures 1, 4, 5) . However, a previous study [33] found only 9 out of 16 tumors were squamous cell carcinoma. Other limitations in that work [33] were: (a) a negative correlation between the tumor blood flow and SUV values was obtained only in their patient category with large-tumor sizes (>8 cm), and (b) the detailed data of T-stages of the patients were not presented and remained unclear. This might be because the included large-tumor category could only be formed from advanced T-stage patients and this would be quite congruent with our results with respect to the advanced T-stage category. The reason behind this negative correlation is the inclusion of tumors with uncoupling of the SUV (SUV�/SUV) and tBF-ScOC uptake, and this uncoupling happens because: (a) the tumor remains aggressive with a high SUV (SUV�/SUV) in anaerobic glycolysis; (b) as the tumor grows, it reduces tBF-ScOC and hence angiogenesis cannot maintain an adequate level of blood supply; (c) reduced tBF-ScOC leads to reduced tissue oxygenation (i.e., tumor hypoxia) [33, 34] . This reduced tBF-ScOC may lead to a dissimilarity in SUV (SUV�/SUV) and tBF-ScOC uptake. This conclusion was clearly identified in our study, in which for several patients we found reduced tBF-ScOC values in comparison to high SUV (SUV�/SUV) values. Some studies [22] [23] [24] [25] [26] [27] found no correlation between SUV uptake and the tissue blood flow. We suspect that this was because they included both the positive and negative correlations in the overall correlation assessments. Thus, the reason for these different conclusions with respect to the relationship between SUV and tumor blood flow in previous reports is the difference in the T-stages and tumor locations. However, in our study we found that in early non-advanced stage there is increased tBF-ScOC and glucose uptake with ScOC growth, while in the later advanced stage there is a dissimilarity in SUV (SUV�/SUV) and tBF-ScOC uptake, which leads to their uncoupling and eventually results in a negative correlation between SUV and tBF-ScOC uptake. Thus, the mechanism of glucose uptake and tBF-ScOC has been established.
Conclusions
We conclude that there is a significant correlation between glucose uptake and tBF in ScOC growth on the basis of tumor locations and tumor T-stages. This establishes the mechanism, which will advance our understanding of the complex tumor behavior in ScOC growth, providing useful information for use in the diagnosis, treatment, and care of ScOC patients.
